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‘1’hc safety  of  f l i g h t  h a r d w a r e  ia the worlwl)acc  of a rolwt
]ilalli  Imlator cau only  h gualantccd  throllp,h  rohst colli-
sio]l avoidance control  that treats tllc sl)acccraft  ha rdware
as ol)slaclcs,  alound w}licll to n a v i g a t e .  l)lcvious rcscalch
a d d r e s s i n g  this lmoldcm  has  l)c b r o a d l y  divided into two
c l a s s e s  of methods:  global aud loca).  Global  IIIC(lIOCIS  rely
CHI thc dcscrij)tioll  of (IIC obstacles ill the colifigaratioll  space

of a laallil)alator  [6]. l,ocal methods rely 011 the clcscri})-
tio]l  of  the olmtacles  and t h e  IIlaail)ulator ia t h e  Cartcsiam
workslmce  [4, 1].

l,ocal IIIctlIods clIIJ)loy tfIc  usc  o f  a r t i f i c i a l  forcm,  ex-
l) ICSSCC1 ill i,lIc Cartcsia]l works}mcc  o f  tllc IIlanil)ulator  a s

a fullcliml  of tllc shortest  dis tance bclwcca the IItanipolaior
and the olwt  arks [4, 1, 9]. Collisions arc ~wcwmtcd  l)y nlali-
ing  tllcsc  fo]ccs rqmlsivc. If a goal point is sl)ccifird,  it will
inlparl  a silni)ar  attlactivc f o r c e  oa  tllc r o b o t  cltd  cffcc(or.
Ac(.aator  t o r q u e s  cqaivakwt  to the saw of these s~wcificrf
f o r c e s  cause  tile IIlot,ioa  of the real ]rlani}mlator.

‘J’hc  maia aclvaalagc  of local tcchuiques is that they a~c
less cc,~Il]l\~tatioIlally  rlcmaudi:lg  than glol,al oIIes,  ]wrmit-
tillg their usc  in r ea l - t i l t l c  con t ro l  [ 4 ] .  lhrlhcr,  they prch
vidc the IIcccssary  franlcwork to deal with c}laagiag  rmvir on-

II ICIIt  S alkd real- t i lne coliisiml  avoid  anrc. WIImI usd  with a
tclro]matccl  nlallilmlator,  local artificial forces also ])rovirfc

low lcvrl collision avoidance, while higll-]cvd  ],ath ]Jallniug
of tlw ]nani}mlator  is  performed by the ]Iuman  OIWI atrrr.

A large prol)lcn}  with using art if icial  forces is  tlIC nwd
t o  dctcrlnillc  the distaucc  bctwcca (he rolmt  aad i t s  ca\,i-
rolllllcllt. I f  this i s  to bc ca]culatcd,  an accurate  gcolllciric
III Odd  of thr arln and the cnviroulllcnl,  II IIIS( cxisl a l)riori  m
be clcatcd  fronl scasor illforl,laticm,  SLICII as co,,,l,utrr  lision.

l]at mea if a wry accaratc lIIodd exisls, it is  c{,ltll)L]tatic)lt-
ally  cxpcnsivr  (0 calculalc t]lc  t.hrcc  dili)(,tlsio]lal  distances
Iwtwml tlIc II)odcllcd  arm and i t s  c]lviro]lnlcllt.

‘1’hc  altcr]tativc is to usc  scmsors  to diicctly ]Ilcasurc  the

d i s t  allccs  M wccw the rol)ol aad i(s cavirolllllcllt. If pcrfcr(
~tlrasarmll  cats can  1)( IIladc  frolll  cacll  J)oillt  011 tltc r o b o t ’ s
sur[acc,  aloIIg  tltc Ilor]llal  t o  tlIc  sarfidcc,  tllcll Ullex])wtcd

contacl with the rvlvironlnmlt can  bc clilniaatcd.  Olwious]y,
there arc no ]wrfcct se]lsors, and NO way  to ])rovidr mIIIIktC
covcl  agc  of the rolmt. ‘1’lIc Jiry i s s u e s  tlwli bccoIIIc,  the
qaality of tllc smsor  data  and covcragc that tflc liillitccl  srt
of thcsr smsors  ]nay  provide.

‘1’his  rc])c,rt  addrms the first of thesr issurs, tf,c q u a l i t y
c)f ])roxilrlity  srnsor d a t a .  \Vc have irlvcsligatd  tlIc availalk
]Jroxil,lity  se]lsillg  tcclll,o]ogicsl all of which utilim five J)lIys-

ical  prillci]~lcs  of opcratioll: intensity of rrflcc(io]l,  trial lgula-
tioa, tirllc of flight, ca],acita]lcc,  and iaduc(aacc.  l;rom these
cat fgo]ics  wr have sclcctcd a ad  IJCI foI rIIrd init. ial cxJw]iltlc]l-
tal cvaluatim  o f  t h e  mmt ]mo]ltisillg  co]lllriclcial ],rodacls
availatk.  Wc h a v e  a l s o  ol~tairlcd  aad tcstrd ]Ilatarr latmra-
t o r y  ]Irototy]w  srlwors frolli  two of t IIcsc cat qgorirw.  ‘1 ‘hmc
il)it.ial  tvsts were pcrfor]llrcl on black, white,  and alunlinuril
s u r f a c e s .  (lTI ])r(,])aratio]l  for I]]orc  cx(cllsivc tcstillg we }Iavc

also sclrct.rd and prrj)ared a s]wctruni  of s})acccraf(  surf arc
]I)atcrial saln]h.)

‘J’his rq,ort i s  orgaaiml  a s  folhws. Scc(ioli  2 ],lovidcs
arl overview  o f  colll]llrvcial  aIId njaturc ]alm]atory  ]~rot(~-
t y p e  scasorh that  ulilixc tflc  f ive ])hysical  ])rillci])lcs  to dc-
trd dis(ancr  tc~ LIIC cavironlncnt.  A  discussioli  ])rovidcs  the
rcasoniag Iwhind  selcclioa o f  ]x+rticular  srasor modcl~  f o r
exJmiinrmtal testing. .Scctio]l 3 ])rrsc]lts  t h e  rcsal(s  of  tlIc

cxJwllra  catal testlag of these sclcclcd smlsors. Finally, Scc-
tio]l  4 reviews our results arid d]aws  conclusions al,oul ind-
ividual sensor cflicac.v.

2  Scmsor Selrxtlion

‘J’o  avoid the tinlc and cost of srmsoI  cfcvclo},ll)cllt,  this St IIdy
hds  lma intercs(ccl ill acquirilig  a n d  testinp. colllmcrcial  o r
Illature lalmratcrry tcc)lllo]ogy  o]Ily. III so]IIc  cases, 111(, sc]l -
sors w e r e  Iilodifird s l i g h t l y  (0 illcrcasc  tllrir I]erforl!la]lcc,

ncljlwl their  raugc,  or nlakc lhcnl m o r e  al]lcllalk  to direct
conl])arison  with other scasors.
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2.1 c:olnlnm’cirrl  Sc!llsors

IIy f a r ,  (lIC m a j o r i t y  of  t h e  scnso]s  consiclrmxl  aud tcskcl
ill {his  study aTc conlnlctcially a v a i l a b l e  IWOCIUC(S. Figulc 1
l>loviclm  a list of lnosl c,f tlIc sclisors  t,l, at were il,vcstip,atcd.

( A c o u s t i c  scnscrrs  were IIOt col,sidcrccl  bccausc they will IIOt
funcliml  in the vacuum of space. ) ‘1* II< chal t is divided llori-
zolltally  into the sensing tcchnologim,  and VC] tically by col Ik
I)ally  IIaltlc,  III CKIC1 nulnlwr, laser  tyl~c,  and  rallgc in ccntilllr-

tcls. ‘J’IIc l a s e r  t,y}ws arc: (1) cyc  safe, (11), cyc  safe lmt do
IIOt slalc into the bcanl, (1 IIa) not, cyc  safe ht visible,  and

(11 11)) not cyc  safe and invisible. ‘J’hc  scmsor  rallgc i s  also

rlisl)laycd  gral)hically  for easy colnparison. All arlow 011 t h e
rallgc i]ldicatcs am UIIfi  IIOWII I>ound ,  or  a  bound that dOCS
IIOt fi t  cm the c-hart.

Figure 2 provicles  a surnlllary of  the scllsors  that. WCIC sc-
kkcl,  ]mrchasd, and cxpcrimcntally  tested.  A  d i s c u s s i o n
o f  this sclcctiml ]woccss  is provirlcd hclow.

2 . 1 . 1  IIlt)m)sity of l k f l c c . t i e ] )

Oj)tical  i n t e n s i t y  of  rcflcctic)ll  scrlsors arc ])rol)al)ly  tllc IIIOSt
w i d e l y  availal Jc in thr number  of lnallufaclurcrsj  tlIc IIrr 111 -
lwr of models, allrl  the ranges of operation. (llowcvcr, tllelc
is mIIIC  rc})ct,itioll,  SUCII  as  the II;atcrll lJG71,  Xl,2W~,  which  is
t}Ic sall)c scllsor  as the Surl X RS720J11SAS.  ) h!any of these
sc]lsors  have adjustal~]c ranges, which  a r c  s e t  I)y lurnillg a
],otclltiolt]ctcr 0]1 tflc scllsor  housing, “1’hcrcforc,  the rarlgcs

lislul f o r  smnc smsors ]nay  not bc attainahlc  I)y onc  smlsor
sett ing.  Also,  soII,c  s e n s o r s ( s u e ] ,  a s  tl,ose by ‘J’rilrol,ics)
did  not IIavc a mirlilmlln v a l u e  s]wcifiwl  by t h e  coml)ally.
Finally,  tltrm arc versions of these sensms  which  have film
ol)tic light guides w h i c h  early the clnittcd  arlcl  rcccivcd  light,
to aucl fronl a location up to several lnctcvs away. Wllilc this
techrtiquc  cflcctivc]y c o l l o c a t e s  and shrilllis  the mni[tcr and

rcccivcr,  i t  su f f e r s  frolil  film translnissicrn  IOSSCS  allcl a cor-
rcs])olldillp,  rcclucliori  ill s e n s i n g  range.

‘lb fully  test tllc range o f  intcmsity o f  rdlcclion  srv,sors,
a s})cct, r 11111 of five ]ooilcls frolt]  SulIX  were sclcctcd (all of

!Ilosc  liskl except 1{S1 20111“4, since it is rlcsigllccl  for short
rallgc opcratirrll). All  of  these scmsors  w e r e  cmn},aralk ill
])rice  to cacll  other and other  s e n s o r s  IIot sclcckcl.  l)uling

tests w i t h  t h e s e  luoclols,  their  }mtcnlim[lctcrs  w e r e  act  to
IIjaxil[lizc  the span of d i s t a n c e s  that ])rovidc  usri})lc  s e n s o r
ollt})llt  .

2 . 1 . 2  !lYirrllgulntiml

‘1’liaugulatio]l  s e n s o r s  ty}~ically ],lc)jcct  a  n a r r o w  lXillll o f
light  arlcl ]I)casure  t h e  locatio]l of  the rdleckd light when
vicwd  fro]l]  all angk. Wllilc t h i s  tccl,l,ique gives  accw

r a t e  lcaclitlgs  illdcjwndcllt  of signal stlrcnp,tll,  F i g u r e  1  ill-
dicatcs the prolJc]lls with thosr srmsors  which  arc collj]ilcr-
cially  avail  aldc. ‘1’IIc  l[lajority have a  v e r y  liltlitcd  lange,
arid incrcasc  their range by clll]]loyillg  lIIolc  }mvcrful lasers
which alc not cyc safe. WC co]lsiclcr  cyc s a f e t y  art illl]>ol-

tarlt i s s u e  for lobot ])roxil[lity  scllsillg  systclll  that w i l l  bc
u s e d  IIcar  grourl[l  crews and  astronauts ,  atlcl ])otclllially  rc-

flcctivc  s]~acccraft  s u r f a c e  m)atcrials.  ‘1’hclcfo]c,  the Arolilat
I,A75  laser triaugulat,ioll  sensor w a s  CIIOSQII  bccausc  i t  h a s
thr IIlost  raugc  of  ~law I III OCICIS.

Alkrllativcly,  there is a snlalkr set of l)llotwclrrtric t.ri-

all~ulatioll  scllsors  avail  irl)]c. ‘1 ‘hcsc have 10ss rcsolutioltj  1)1] t
II IIIC}I gleater IalIgc  aucl eye s a f e t y .  l“ultl Icl, tllcy arc sig-

!,
nlf}cant]y  Cheal]cl- tham tlIc  l a s e r  sclisors, ‘J’IIc ldcc/lzullli
SAI1)-I,K4  W;IS SC’IC(’t Cd.

2 . 1 . 3  ‘1’iIIIc of Night

M’(, arc OIIIS  aivarc  of two colll,ncrcial  ti,nc of flight s(rlsors

availnb]c  a t  rcasona})]c  cost. ‘1’he first is a laser timr o f
flight  scllsor, tlIc Sick I) MII;2000.  At aI~I,roxilrlatcly  $ 4 0 0 0
ahd wcighillg  1  Iiilograltl  ]wr  smlsor,  wc collsidrmxl  i t  to lw
a t  tlic lilllit  o f  accc]~tal~ility  f o r  a  rolmt  ]~roxilllity  sc,llsillp,
sys(cl II. ]Iowcvcr, it “ w a s  sclcctcd sihcc  its accuracy  /rirltge
colllbinatio]l  is the best  allloll~st all scltsors  avail  ahlc.

‘1’IIc sccoIId  tiltlc o f  f l i g h t  scllsor i s  t h e  A M  SeIIsoIs
MSM1  0500 lnicrowavc scllsor. O]wrating  a t  10.525  (;11s,
it h a s  a rcsolutiorl o f  15 CIII. Also,  the sensor clcctrorlics
a r c  dcsigllcd  t o  o n l y  oulput  a IIlcasurclllcnl  whcII  lIIC CII -
viro]ll])c]it  is ]Ilovillg  toward  tlIe s e n s o r ,  and olIly al)c~vc  arl

urls]wcifid thrrdokl sped .  F ina l l y ,  scvlsor  rcadiugs  arc u p
d a t e d  at a rate pro]> oriional to the al]l)lcracll  S] WCCI.  “1’IICSC
c h a r a c t e r i s t i c s  did not  lmde well for its ]wtforlnallcc,  l~ut
tllc sensor wa% sclcclcd anyway sillcc  ]Io altcrllativw w e r e
found.

2 . 1 . 4  IIiductiw  aIId Crr]mcitivc

Wl,ilc ,I,any compa,,ics  ,,,alic i,lcluc(ivc  and  ca])ar-ilivc  scr,-
scrrs, ]nost arc dcsigtlcd  LQ I)c switches for  very S]lol t larlgc

( <  1  c,,,) assc]nl,ly-lil,c  parl ],rcscv,cc  dctcc~io],.  Al,,o]igst
illcluctivc  scllsors,  ,~liglltly  loIIgcI lallgc  II Ioclcls exist and arc

listed ill Figulc 1. ‘1’hc  niost sulsitivc  of  thrw is the Radio
Snack  hlicrorlta, wllicll  is actually dcsigllcd for l,urird ltlctal
dctcclirrll.  IIowcvcl,  Iwcausc of i ts  larger co i l  si~,c it }\as a
rallgc t.wicc that of the ncawst  industr ial  II Iodcl.

Amongst capacitive sc],sors, t h e  saltic lack  of loIIg rarlgc
scIIsors  l)rcvails. W h i l e  l)rilnarily  scllillg  standarcl  s h o r t
rau~c Scrlsols, (~a],acitcc was four,d  t o  SCII k)IIp, range  scn-
scrrs by s]wcial  ordc~,  A s  a  co]n])rolltisc  bctwccll s i z e  a n d

3



Iiingc, w s e l e c t e d  a calmcitallcc scIIsor  dialllctc~  of  tlilcc

incllcs, 011 a six iuck  rdlcctor.  ‘J’he clcctrmics  w h i c h  accom-
lmIIy lhc SCIISOJ were tunccl  at the factory for  a  lnaxilllu]n
scllsillg range of  six inches. U], fortunately,  tlIc special  or-

der mcation of the capacitance scllsor is rclalivc]y  cxlmnsivc
( $800).  Use  of’~la~,acitcc  scmsor  electronics, wit],  ho],lmnadc
ca~>acilor  l)latc sc]isors,  is a ])ossildc  cost  -savi]lg  altcrnat,  ivc

for  lIIC futorc.

2 . 2  Maturw Nc)]~-Co]l)]l){!]’{;ial ScIIsors

fJ’ltcrc  arc s e v e r a l  s e n s o r s  dcvclo],cd ill IIc,ll-ill[lllstrial  rc-
scard labs whiclt  IIccd 10 bc ntcntiollcd. We  w i l l  r e v i e w
f o u r  mlsors which fal l  ill the cakgorics of laser  trialgula-
tio]l  alId  ca]mcitancc scIIshIg. ‘1 ‘w)  of  these  srmsrns  h avc

bml icslcd  and the results  arc prcscwtcd l a t e r .

2 . 2 . 1  lmcr ‘JYimlgulrrtioll

‘J’wo cxJKTimental  laser  t r i a n g u l a t i o n  scllsors  j)ro]llisc  cx-
tcndd ]an,gc  and l e s s  scmsitivity tc) cnvironmmltal sarface
],]o])crtics.  ‘1’IIc f i r s t  h a s  bccII  clcvclo],  fol USC il, tlIc lio-
‘1’I;X  flight cxpcrimcnt  [ 2 ] .  lntcgratcd into the cnd-cflcclrn
o f  this cxlmilllcntal  robot,  arc s e v e r a l  short  range  proxir]l-
iiy sensors and O]IC  long range (3-50 ml) laser  iriall~,  ulatioll
range smlsor. WC attcml)tcxl  to ol)tain a  vclsioll of this sc]i-
sor  for  test ing,  bui were illfcrrlncxl that no slxrrcs  e x i s t e d .
l,atm discussiolts  rcvcalccl  the possil,ility  of  a fortl, cmniag

collllocrciiil  vcrsicm  of t}tc s e n s o r .

‘1’hc sccolIcl triallgulaiioll  scllsor  is called the IIcxcyc, bc-
illp, dcvclo]ml  a t  USC! in collju]ictioll  with J])], [5]. ‘J’his
SCIISOI ]) Iojccts  OIIC  bcal(l  w}liclk  i s  v i e w e d  b y  all arlay o f

s i x  lillcar photosc]lsors with 12 pixds each. ‘J’kc  Out]mt  s ig -

n a l s  arc a v e r a g e d  a n d  l)asscd {kroup,k  a IIcural  net trained
oli slwcific  cllvironmcntal  s u r f a c e  tylws. ‘J’hc t raining dill)-
il}atcs  errors due to tlic pcculiaritim  of  the surface, the scll-
s o r  coIIIpo]Icnts, alicl alnbicnt cllvironmclltal l ighting.  $k)nlc
cxpcrin)rwtal  results with a ]>rototy]w  of  this scllsor arc prc)-
vidcd in Scctio]l  3 . 2 .

2 . 2 . 2  Glmcitrrllce

‘Jiwo ca])acilancc  scwsi]ig mclhods  arc bcill~ s t u d i e d  a t
N A S A  G o d d a r d  Sl)acc  ]ligllt Gmtcr (GSIW) and Sandia
N a t i o n a l  l,alwratory  [11, 8]. ‘J’IIc  GSIK~  scnsoI  is silnilar  ill
design 10 that, sold by C;apacitcc. III Section 3.4, an cxlwri-
mcwtal  colo}~armm  WI1l bc made I)ctwecn  t h e s e  two scmsors.

‘J’hc Salldia ca])acitancc  sensor utilizm sirlc  l)y side cal~ac-
itance  ldatcs, onc of which is driven, and the other conllcctcd
to a cllargc alnl)lificr. ‘J’IIc presc]lce c)f all cnvironlllcl[t  llIocl-
ifics  t he  t o t a l  ca})acitancc of  the systcnj, aucl thcrcforc tkc
charge allcl rmultanl  signal. OIIC of tlic slated advantages of
this  dcsigtl  is that, it el iminates the need  for a clrivc]l shiclcl
Iwkihd tkc scnsil,g  cal)acitor, as  is  used in tllc (; S1:(;  and

(~al>acitcc  designs.  Wc  wcm unal,]c t o  obtain a  salnl,]c srvl-
sor fro]]) Sallclia  for tcstillg ill our lab. l{cscarchers  at Salldia

a r c  in the ~noccss  of  c;ollllllcrcialixillg  Ihcil dcsi~ll,  so tcstillg
o f  it IIlay bc ~)ossil)lc ill tllc llcaT fature.

3 l’kpcrimcmtlal 1 )ata

‘1’0 cvalaatc  the sclcctcd smlsors, itlitial tests were performed
w i t h  silillk cllvirolll!lents  and  v a r i a t i o n  in the IIollnal dis
tallcc of the smlsor  frolll  1.IIc  sarfacc. 1“01 tlic ol,tical  scllsors,

black  aucl w h i t e  l)alwr (8.5 by 11 iuchcs) w e r e  usd 8s !IIC
cllviro]llnclltal  sarfa cc. For the ctr])acitivc  and illducfivt: scl I-
sors, a six iac]l  squaTc  alu~t)illulll  p l a t e  w a s  u s e d .  l“or t h e
1111[1  Owal,(  Sc’ll sol , both tyJws of Cl,virol,]llcnts were tlicd.

3 . 1  IIlfrar(xl  IIltm)sity  of IMlcctio]l

‘1’hc five diflcrmt  SUIIX SCIISOIS  listed ill ‘1’alJc2 w e r e  t e s t e d
usill~  I)lack and  w h i l e  palm. ‘1’hc sensors arc dcsigacd  to

h a v e  diflcmlt dislancc sensit ivi ty,  sclcctal~lc  by acljusilllcllt
of  a  })otcntiolllct,cl  on e a c h  unit. Wllilc ]Iot  a s  illll,ortaut

to these  tests, tkc sensors also have valial~lc  lmalll  widths.
l“or instance,  the 1{ S1’2[)111’1  has a narrmvcr  bcalll tham  the
1{s1’20111. (’1’hc  SunX c a t a l o g  s h o u l d  bc coIIsulkd for a
comprckcnsivc  dcscriJ)tioll  of  I)calll  .gco]rlctrics.)

Figalcs  3 4 show the nlcasurccl  outputs of these scnsoIs
set at nlaxilllultl  rallgc. All five have a good response for the
white  cnvironlncllt, utilizing most of the ]naxi]nult)  vo l tage
ramgc a]ld rcs]mndillg  failly litlcarly ill tkc spdn of tll[:il  rc-
sl]cclivc ojmaling  distances. ]Iowcvcr, for the black sarfa cc,

{kc rcsalts  arc vcIy  d e g r a d e d . Not only  a r c  t h e  rvs])cmscs

less  illtcllsc,  but they ale not  lillca] with rcslwct  10 disijancc,
the wc)rst cxii]tl~,lc being the 720111 in Figure 4. ‘1’his  degra-
dation of the rcs~mlsc frolll  intrwsity  of rcflcctioll sensors  fm

non-whit.c  surfaces is well kIICWII. lJMICSS tkc rwvirrmlncnt

i s  gualalltccd  to Iw nonspccala  T and  l i gh t  colord, rcliallcc
011 t h e  scnsd  clistall{c  l,alucs  i s  IIOt advisaldc. I I mvcvcr,
thcsr SCIISOIS ]nay  cflcclivcly k usd a s  silnp]c nollcontacl
swi[cllcs, ihstcad o f  f a l l  ral[gc proxiloity  lncasurcmclli  clc-
vices.

III this latter case, sillll)lc  <:lllit  t.cr/rcc<i\rcr d i o d e  l)airs

nlay bc considered [7] .  ‘J’hcy arc Illorc  conlllact  and cllcalwr
tl, au tllc al)ovc  t e s t e d  scllsors. llowcvcr,  {licil outl,ut  i s
IIot lillc  al, and  tllcy can  lIC sascc]]t  il]lc to collfasio]l  fro][l
alnl)icnt light, sources  (ualcss  tllcy arc nlodulat.cd).

3 . 2  !fYirillgulafiml

‘J’wo  cliflclcnt  tylws  o f  hiangulatio]l  grail c sc]lsorh  w e r e

tcstd: infrarccl  d i o d e  (ldcc/lzrlnli  SAII)) and visil,lc  l a s e r
(Aro,,,at I, A40).  IIoth ,,rojccl a bca],, of  light o u t w a r d  a n d
look for {he surface rdlcctioll  with a position smlsing  dcvicc
(1’S1))  located to the side of the light  SOU,CC.  Figare 5 shows
tkc rcslmllsc of these sensors 011 black amd white IJal,cr  cw
virolllllctlts. lllllikc  tllc intensity o f  r e f l e c t i o n  scllsors,  tkc

triangalatio]l setlsors p r o v i d e  consistmlt  rcadiags  irldc}m-
dcllt  of  sar~dcc  rctlcctall  cc,  c)vcr a liulitcd  r a n g e .

For  robot collision avoidance and distance scrvoing,  the
SAII) is tkc Iwttcr scasor  of the t w o , Firsl, it has a rallgc
almut f o u r  tirllcs g r e a t e r  thau the l, A4(t.  Scco]lcl,  if d o t s
n o t  ctiiploy  laser light, w h i c h  IIlay r e q u i r e  cyc ~lrotcction.
‘1’hild, i t  i s  about  ollc  fifth tlic lmice.  Pourth, i t  lnay bc
u s e d  dirccl]y  w i t h  convcntimlal  power sul)l)lics.  l’iftll, tllc
I,A40  has sl>urious  lwaks inside of  i ts  scnsiug  r a n g e  a n d

4
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rcffcct  ion oJI Ma ck and wh i ~ c f es f s a rfams.

drolw dow  JI to iis lrliuimulr]  value reading fol far J)ositiolls.
‘J’hc  o],ly  l)ossil)lc  adval,t.age of tl,c I,A40 l a s e r  SCIISOI  is its
visil,lc, slnall cliamcicr  bcalll.

A s  indicated in 14’igurc  1, laser t,riangulatioll  SCIISOIS  tcIIcl

10 be desigaml f o r  a  shor(cr sellsi)lg  rall~c with v e r y  IIigll
rcsolutiml. IJongcr  raugcs tyl)ically  rcqui]c lascvs  t h a t  a r c
Jiot eye-safe, a u d  thcrcforc  ul[cfcsllal)lc  f o r  OUT ]Iar]Ioscs.
‘1’llis is kcausc tlic target  market  of circuit,  l,oarcl  irls],cctioll
tyl)ically rquirm shorl r a n g e  and h i g h  rcsolutio]l  scllsillg,
(;cacral purpose robot collision avoidance, however, rquircs
grcaicv raup,c  sc]lsiug.

Allot]lcr cxJwrilltcmtal  l a s e r  triaugalatioll  scIMor i s  the
lJS(~/.ll’l,  ]ICXC~C’ [~). It u t i l i z e s  s i x  lillcar  sc]lsors  to clc-

twt tlIc position  of t h e  l~rojcctcxl  laser illulnillatioll. ‘1’}lc
a v e r a g e d  sensor  clcmcmt  rcadiugs aw farlhrv  plocesscd  by
a  IIcurtil  nelwork traiucd to Cliltlillate  raug,c  e r r o r s  caus(.d
I)y t h e  unic]ue  rcflccticm  pattmas o f  s},ccific  lilatcrials. l;i.g-
ute G snows tile rcs]mnsc  of tllc sensor  systc]n  for wllitc  allcl
black sl,acccrafl  lrlatcrials  (I!cta ~lotll and IHack  Kapton)
for which it was traillrd. ]“igurc  7 shows the scl)sor  rcslmltsc

arornal: while fmpcr G
arwurr(: black paper I

idccsa 1 d: \vhilc  paper ,+
idccsal  d: black  paper ~
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wlli(.c s~)acc craf~. r)ta (r-~iak for ~rllich ifs nrural ncf has bern
tlailtcd.

to several lrlatrrials  for wllic}l it was not trailicd. Sigrli{icallt
alrlollgst tllcsc is tllc alulllillizcd Kal]tml,  w h i c h  IIas a tlcar-
II,iiio, sarfacc. Wl,ilc tl,c ]r,casarcd  l,alacs arc il,accaratc,
il i s  illll)rcssivc tl(at tllc scllsor i s  IIot Colr]})lctcly co]ifascd
I)y this rcflrctivc  SUI face. Currently, tflis sensor  syslc]II  suf-
fers flom liluited  rallgc a,ld  l a r g e  siy,c, I)ut tllc IIcxt  vcrsioll
l)rollliscs illlJllovclrlc]lt  ill tllcsc areas.

3 . 3  ‘1’i]nc of JI’ligllt

‘Iwo ty]n of ti]llc of flight  s e n s o r s  wrc tested:  laser  a]ld
]Iliclowavc.  lntcrmtingly, tlIcsc srlIso]s  ])rovidcd  tlIc I)cst
and  worsi rcsulls o f  those  tmtcd.

‘1’JIc  IIliclowav( SCJISOI  (Ah~ Scllsor MSh410500)  rcslllt,s
w e r e  s o  lmrr that tllcy arc IIot l)rcsclltccf.  ‘1’0 I)c fair, t.fle
scllsor is  dcsigtlwl  10 dctcrlllillc rallgc 1.0 a  l a r g e  erlviroll-
IIlcllt,  lllovill~  t oward  i t , I t  h a s  a  IIlaximulrl  ra]l~c  of  50
fcct, and  arrsolutio,l  ofsixi,,c},es. ‘1’licscvalum arc J,rol)a-
blytoo]argcfo]  co]lvcntiolla]  s i z e d  lnallipu]ator arllls.  (’J’IIc
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11’i,qurw  7: lhr la frwn the IIcxcyc  sensor c m  ~]la t mials f o r

wljich  ifs neural ne( had no( LIccn (~ained.

II IiInufiIctuIcr,  AM %nsors,  IIas trvltativc plans  to C I C V C1 O ] I

a  mrxlcl  with a  OIIC  inch rcsolutio]l.) llcwvcvcr,  the g,rcatcl
I, IO1,]CIII  wjtll illis scmsor  i s  that it rrcluircs  nlotion  lmtwc{:li

it and tlic cmvironmcnt for a distance to be lncasurcd.  Also ,
llIC Tatc o f  sensor  clat.a outl)ut, is l>ro~mrtiollal  tc) llIC sl,cccl
o f  al)l)roacll. If tlic rcla{ivc spcrd dro~)s lmlow  tlic thrcslloldj
no  scnsd  dista]lcc is availalk. l“or t]lis rcasoll,  static llIca -

“ 1 1  WC attclnl)tcclsurclllcllt,s  with tltc sensor  were lmlmw) ) c.

to obtaiu mcasurclncl~ts  w h i l e  lnovil~g  the scusor,  Imt wme
uIIsucccssful in initial t r i a l s . 1 I owwvcr,  even  if the sensor
workccl  lmrfcctly  w h i l e  iu IIlotioll, i t  w o u l d  prcwc  to he o f

little utility for robot collision avoidance. As obstacles al)-
]>lc~acll,  t)lc rc~l,ot s]loulcl bc s l o w e d . ]Iut willl this SC] ISOI,
slowilig  tllc robot would  c a u s e  tlic IIroxilllity rcaclillgs  ( o
slow or  s101).  ‘J’llis s i tuat ion would I)c cxtrclllcly da}lgmous
at Imt. ‘J’lwrcforc,  the m i c r o w a v e  sensor  has bccII  rclllovrd
frc)]ll farther consideration.

‘J’IIc srKoIId ti]ilc of flight  sensor (Sick I) M1;2000)  was  the

IIIOS1  accurate  and precise ]woxilllity smlsor  tested. lkauw
o f  tl[is a c c u r a c y ,  a  ]dot of  the sensor  rllcasnrc]llcnt  vcrsns
t r u e  clistancc a])],cilrs  as  a  straigltt  l i n e .  Fig,ure  8 instead
SIIOWS  tllc  crlor of the distallcc IIlcasurcltlcllt  siglial  frolll  its

lilcall, vclsus i}lc trac distallcc frollj am alltitraly  rcfclcnce
],c~int. ‘J’he  true distance  w a s  cslablishcd w i t h  a  v e r y  l,rc-
cisc, coordiltatc  IIlcasuring,  machihc, capatdc  of  lneasuring
lllicrc~ll incrcvtlellts in its cllangc of position. Also ,  t.hc ntaw

ufacturcr  slwificd pcwcmtagc  errors arc showII  as negative
and lmsitive  slo})cd c l a s h e d  ]incs,  fcn rcfcrm cc. O}wious]y,
t h i s  smlsor l)crforllls  quite WCII, and is expcdcd 10 pmfortn
equal ly well  ovm ils fall opc:raticmal  raagc  of 100-2000 111111.
If a rctroldlcctivc  Cnvirollmrml  is 1]s[d, tllc smlsor cau  w o r k
out to 1 0 0  JIlcic’rs.

3 . 4  Ca]mc.itru]cc

‘J’wcr  diflmmlt  cal)acitive  scnlsors  were tcstccl: the GSIIK~  ~a-
l)aciflcctc)r  [1 1], and tllc r2a1,acitcc  111’S3000/GOOOMCX ca-
l)acitivc scllsor  wit}l a II) OCJC1 410- SC- JINC; alnldificr.

‘J’IIc GSIKt ~al)aciflcctor  was tested with six iltch  square
alulltinum  ldatc cnvirc)llmmt, groundccl  and  ungrc,uudcd.

6

4
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0

-2

-4

-(

wlitc  sarfacc. (Modcl: Sick 11 ME2000)

For these tests, the  ~al)aciflcclor utilized the tyJ,ical  (;SIW
con flgul  ation of a 4 by 0.5 inch  scl  IscJl  oa  a 3.5 l)y 4.75 iach
rcflc:c(or  [1 1]. Siam the rcsJmnsc  of the (;al]aciflcctor dro~~s
very  ral>idly  w i t h  distzrllcc, (+Sl”(~  rcc(>l],l]icnds  usil,g t),c
logarilhm of the scnsc)l  oul]ml,  shiflcd  to all l)ositiic }alacs
by a  comslal,t  I)ias value  [ 3 ] . IJigure  9  s h o w s  ihc sc],sor
cmllmt JIlot cm a  l o g - l o g  ]dot  to lwttcr r e v e a l  t h e  srllsor
valac challgcs. Notice t h a t  evcu  ill t h i s  rel)rcscrltatioll  o f
the scIIsol  c)ut])ut,  the values iaclcase  lIIoIc  rapidly fcm close
IIrc)xitlli(y.  ‘J’his can  lx, SCCN as an a d v a n t a g e  of’  this scllsillg
II  IdlIOd  whrni  u s e d  w i t h  Iobc)tics,  siacc h i g h e r  rcsolatio]l
scllsillg  is l)rovidcd  for l,cr$y close  ljroxilllity  olx,ratiolls [ 1 0 ] .

‘1’IIc  F.cco]id ca}>acitallcc  sc]wor  t e s t e d  was a ve]y  silllila~
l)rocluc(  flolll (~al,acitcc. ‘lb prcwicfc ran~e scnsillg cwrnpa-
ra}]lc to the (; SI’W scllsor, wc sclcctecl  the capacitive scusillg
alca to lx a three iach clislc,  s h i e l d e d  hy a six illcll  clisfc  bc-
h i n d  it. ‘J’hc (;al,acitcc  c]cctronics  alc di(lerclli  a l s o ,  sillcc
lllcy illvcrt and  l i n e a r i z e  the o u t p u t  sigaal.  (rJ’}lcrcfc)r[, tfIc
out]]ut  }rc~l(agc is  IJrc)}]orliollal  t o  lIIC rcactaljcc,  ]!01 tllc ca-
l,acitallce.) F i g u r e  1 0  sllolvs  tllc outj)ut of this scllsor f o r

t}lc gloulIdcd aacl uagrou]ldecl  alultlillum ])late  e]lvirc~rllncllt.
Siltce  tlIc  sensor was calil)ratcd at tllc fdctory  for a six illcll
rallgc, wc Iwlicvc  that  further  adjustlllca~  could I)uII tllc rc-
S1)OIISV  carve CIOWII,  o u t  o f  saturatiolt, and  yield  scllsit,  ivity

to grcatcd distallccs.

‘Jb draw a IIlorc  lcgitilaate  cc)lnl)arisc]ll  of the GS}’(;  allcl
(;al,acitcc  scasors,  wc atlacllecl tllc {;Sl”C~  clcc(rollics  t o  tlIc
(;apacitrc  sc]lsing  c a p a c i t o r  and  s h i e l d .  l~igurc  11 shcws

t h e  outl,ut of  the sensor f o r  tllc grounded  aud ungfou]tdccl
aluliliaun)  l]latc l]lc~ttcd on a  l o g - l o g  gra]]h  fm ccrlil~mrisc)ll
with ]igure ‘3. ‘1’llc curves h a v e  a  sil~lilal  shal,c, I)ut t}lc
range  h a s  hell cx(clldcd }y the large] (lal)acitcc  capacitc)r
sllrface.

]“iaally,  1 0  collll,arc  tllc (~a~,aci(lcc(or  out])ut  with t}Ic

Cal)acitec  out])ut, l:i~urc  1 2  s h o w s  tllc uorlllaliwcl  iuvcvsc
(7/{in[x]/r) of tl,c data fro],,  Figure 1] .  Not o],ly  does this
conil)arc favol  al)ly with tlIc  Original  (;ar~acitrr d a t a  ill ll’ig-
u r c  1 0 ,  but it aplwars to be  a valual~]r  w a y  t o  ~cllcrally
rclmscnt t h e  outl)ut frolll  a  ca]~acitallcc  scnsol. While it

(i



10
,,, ,,, ,,, ,,, ,,, ,,,

\

capshi fl: groundcxl  cnv  -.
“’...., capshifi:  ongrourrdcd  c.nv  I

. . . . .

\

/,,

‘\
‘\
/

4...
“*. ~>

‘-+..  > ‘**
Y.+

+.,  ,,;;N< +. ...,

,,, ,,, I ,,, ,,, ,, I

1 10
dislrmcc  (inches)

16

14

12

10

8

6

4

2

0

-2

100

10

1

0.1

,,, ,,, ,,, ,,, ,,, ,, ,,, ,,, ,,, .,, ,,,
caphyhrid:  u ngroundcd  cnv  +

>cfiphyhridgr4wn4Jc41  cnv  -,

‘.,.+
w.+

.+ /

1’!,,,/’J crrpacitc.c:  ongroundcd  cnv ~
capacilcc:  grounded cav +

o 1 234567
dislancz  (inchca)

Fig,llrw  10: l)a t a  fro~o  the (~aJ,aci(ec  s e n s o r  and ]IJoccss-

ing ck[ronirx.  ‘J ‘YIc  vd(agc  v a l u e s  are IJIO]JOI  (ional to t hc
nwasurcd  rcac( ante.

rlilniaisllcx the resl,onsc at c]osc  range, the o v e r a l l  rcspol,sc
i s  fairly lillcar  with  dislallce, allcl ?iluc]l  more like  au i d e a l
]~roxilllity  sc]IsoI.

3.5 llldllctrillcc

hfost il,ductivc proxinlity s e n s o r s  so Id colrllnclcially  IIavc
very  shorl rallgc  and arc cfcsigaccl as near c o n t a c t  switc)tcs.
IIowcvcr,  IIlctal  dctcc(ors,  co]  IImonly  sold  in hoblrj  shoj Is,

w o r k  oII  tltc sanle p r i n c i p l e  to clckct  mclallic  obs(acks

lmlicd  lriany i n c h e s  l)cllcath  a  s u r f a c e .  ‘J’]lcrcforc,  wc  SC.
lcc(cd and ]nodificd a co]i]mcrcial]y availal,lc m e t a l  dctcc{or
{0 act a s  all iaclactivc  proxinrity  detector.

‘J’lIc device selcctcd  i s  ihc Mimonta I)iscovcry 2 IIlelal
CJctccior  l)y l{arfirr Shack. It IIas two collcel,tric  c o i l s ,  with
avcrag,c  dialtlctcrs  of nine and five inches.  ‘J’IIc  illllcr ouc  is
cl]ivcll  allcl I.hc outer is a lccciv cr. 1:01 our trsts, wc I)yl,asscd
the electronics J)rovic]cd, and suJ)J)licd a  driving  sigaal a t
67 LG.76 }Iz, 1 1  V J)eak to J)cak.  }“igarc  1 3  S]IOWS  tlIc  ]wak
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Fig,llrw  1 2 :  l)a f  a  flo]t]  (JIc  (~fl~,aci(cc scl,,sor  Jvi(.h (;,$’1’(~
l,]  occssi!)g  c]mt  rc,]t ics  rcjh t (d as a  J1orJ))alizcd  irj v e r s e  o f

tlie  origilja] data.

vo](agc  of  tllc rcceivcd  sigaal a s  a  function  of  t h e  dislallcc
fronl  the alulllilluln  J,latc cllvironnlcmt, ‘1’hc rcsulls w e r e
tile s a m e  wlIc]I  tltc J,latc w a s  f,rou]lcfcd aIId llll~rou?ldcd.
Wllilc tl,is scl, sor  Icquircs  a large alca,  it works fair ly well:
tkc logarithln of thr rcsl)omc is liacal with distance, and it
is ca]]al)lc  of scllsillg  to a rall~e equal to its size. ‘J’hc  IIiaio
d r a w b a c k s  a r c :  ii is co]nplcicly  blillcl to IIollcollduc(ors,  a!ld
illc sigual  it gmcratcs ]rlay acid noise to ot}icr  sensor si~rlals.
1(s large size  is  offset  by the fact i}lat  i! is flat  and aIlllular,
s o  that it could  cflcc(ivcly  sorrourld  t)l(, CTId  cflcclor  of a
~obot  allll.

4  Collclusiolls

‘1’his reJx}rt  has detai led ihc sclcc(iou  of J)roxiltlity  s e n s o r s
f o r  nianil,ulat,or  co]lisiol,  avoid  finer  Clulil(g sJ,acc  aJ,l,lica-
tions, ‘1’JIc sc]isors h a v e  lWCII ckoscn  fio]li  a]nrmgsl  t h e

s}~~clr~llrl  o f  collllll(rclal  J)ro[llrcls  and lilatrlrc  lakmatory
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l,lototypm.  Five cfist.inc( ca tegor i es  of scnsihg  tcchno]ogy

arc rc])rcsc]Itcd: illtcllsily  of rcflcctio]l, trial lgalat’io]l, tilllr

of flight, ca])acita  Tlcc,  alId illcfuctance.  WC llavc  sclcc(ul  and
],clforlr,ccl  ir,  itiitl  cxI,criI[lc]ltal  tcstillg  011 Scvclal sclIsors  o f
each  tylw.

IIascd on  the Cxl,cwimcwtzil  data,  ihrcc scltsors  s(and out

a s  ]IIost, vjal)lc:  tlIe  ldu-/lza]ni  SAII) tria]lgulatio]l  sulsor,
lIIC Sick 1) MI;200(I”  laser  t i m e  o f  flight scmsor,  and  t h e  (Ja-
l)aciicc  and (JSIW ca])acitaltce  srnwor.  While the I) MI’;2000

l a s e r  titllc of  f l ight  sensor is  Ol)l,iously  tkc bcs( lwrforlljcr,
i ts  cost  and size lnakc it j)rohihiiivc cxcq)t for sj)ccializcd
a~~}~licatiolls. l;or instance,  the cost and sir,c would  IIOt lK
as large RI I i.ssuc i f  this scnsc~r w e r e  to Ix usd as all CIICI-
cflcclor  rallgjug  cfcvkc  011 tlIc S1\acc Sl\uttlc lic]notc  h!alli]~

ulator  SystclIl  (}{MS).  JIowcvcr,  f o r  lnosl al)]>licatiolls,  lIIC

s]]lallcr  size  al)d cost  of  i]lc SAIJ) triallg[jla(ioll  scllsor l,,akc
il ]Ilorc  favoraldc.  Withiu its o])cratillg  range,  i t ’s  accarac.y
is filler t,]lall t]Ic ])osit,ioll  control  cal)al)ilitics  of lttost r o b o t
alllts.

\Vllilc  the laser tilnc of flight and trialkgalatioll  SUISOIS

alc acfq)t  at nlcasurillg  distallcc to a poia(, LIIcy a rc  II IIICII

less uscfal  for area coverage. AltcraativcJy, the cal)acita]lcc

srl]sors  ])rolnise co]n]>]ctc  area covcragc if tllcy arc fa~lliollrd
lifw a skill  over  the robot  ar]tl. Whih s u f f e r i n g  ill alxolutc
accaracyj tlIcy calt ]I)orc  rclial)ly  detect tlic l~rcscltc<:  of IIlost
olxlacles. ‘J’hq can alsc) k m o r e  e a s i l y  illcor])oratcd  irlto

workil[g surfaces , sacll  as  grll~]wrs. 111 tllcsc ways, ca},aci-
tancc  mlsing i s  a  v a l u a b l e  coltlldcltlcn(  to the  IIIOIC  exact

l,roxillli(y  nlcasarillg  scllsors.
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